The luminosities of type Ia supernovae (SNe), the thermonuclear explosions of white-dwarf stars, vary systematically with their intrinsic color and the rate at which they fade. From images taken with the Galaxy Evolution Explorer (GALEX), we identified SNe Ia that erupted in environments that have high ultraviolet surface brightness and star-formation surface density. When we apply a steep model extinction law, we calibrate these SNe using their broadband optical light curves to within~0.065 to 0.075 magnitude, corresponding to <4% in distance. The tight scatter, probably arising from a small dispersion among progenitor ages, suggests that variation in only one progenitor property primarily accounts for the relationship between their light-curve widths, colors, and luminosities.
T he disruption of a white dwarf by a runaway thermonuclear reaction can yield a highly luminous supernova (SN) explosion. The discovery that intrinsically brighter type Ia supernovae (SNe) have light curves that fade more slowly (1) and have bluer color (2) made it possible to determine the luminosity (intrinsic brightness) of individual SNe Ia with an accuracy of~0.14 to 0.20 magnitude (mag) from only the SN color and the shape of the optical light curve. Through comparison between the intrinsic and apparent brightness of each SN Ia, the distance to each explosion can be estimated. With the precision afforded by light-curve calibration, measurements of distances to redshift z ≲ 0.8 SNe Ia showed that the cosmic expansion is accelerating (3, 4) . Current instruments now regularly detect SNe Ia that erupted when the universe was only ≲4 billion years old (5) .
A growing number of large-scale observational efforts, including wide-field surveys capable of discovering large numbers of SNe Ia, seek to identify the physical cause of the accelerating cosmic expansion (6) . Recent analyses have identified a~10% average difference between the calibrated luminosities of SNe Ia in low-and highmass host galaxies (7) (8) (9) (10) , as well as a comparable difference between SNe Ia with and without strong local Ha emission within~1 kpc (11) . Study of the intrinsic colors of SNe Ia (12, 13) has additionally found that the colors depend on the expansion velocities of the ejecta near maximum light. With accurate models that include possible evolution with redshift, corrections for these effects should improve cosmological constraints from SNe distances.
Sufficiently precise calibration of SNe Ia would sharply limit the impact of these potential systematic effects, as well as others, on cosmological measurements, so recent efforts have sought to improve calibration accuracy by examining features of SNe Ia spectra (12) (13) (14) (15) (16) (17) , infrared luminosities (18, 19) , and their host-galaxy environments (7) (8) (9) 11) . Flexible models for light curves, including principal components analysis, have also recently been applied to synthetic photometry of SNe spectral series (20) . These several approaches that use additional data about the SN beyond its broadband optical light curve may enable calibration of luminosities to within~0.10 to 0.12 mag (~5 to 6% in distance). Here we show that a subset of SNe Ia, identified only from photometry of a circular r = 5 kpc aperture at the SN position, yields distances from optical light-curve fitting with <4% precision. Our sample consists of SNe Ia with 0.02 < z < 0.09 and is assembled from the Lick Observatory Supernova Search (LOSS), Harvard-Smithsonian Center for Astrophysics (CfA), and Carnegie Supernova Project (CSP) collections of published light curves given in table S1. Table S2 describes our light-curve sample selection criteria. The 0.02 < z < 0.09 redshifts of the SNe place them in the Hubble flow, where galaxy peculiar velocities are substantially smaller than velocities arising from the cosmic expansion.
We computed distance moduli using the MLCS2k2 light-curve fitting algorithm (21) , available as part of the SuperNova ANAlysis (SNANA; v10.35) (22) package. MLCS2k2 parameterizes light curves using a decline parameter D and an extinction to the explosion A V and solves simultaneously for both. Model light curves with higher values of D fade more quickly and are intrinsically redder.
To model extinction by dust, MLCS2k2 applies the O'Donnell (23) law, parameterized by the ratio between the V-band extinction A V and the selective extinction
has a typical value of 3.1 along Milky Way sight lines (24) , lower values of R V yield the smallest Hubble-residual scatter for nearby SNe Ia (25) . A Hubble residual (HR ≡ m SNm z ) is defined here as the difference between m SN , the distance modulus to the SN inferred from the light curve, and m z , the distance modulus expected from the SN redshift and the best-fitting cosmological parameters. SN Ia color variation that does not correlate with brightness (26) or reddening by dust different from that along Milky-Way sight lines (27) may explain why low values of R V yield reduced HR scatter. We find that the value R V = 1.8 minimizes the scatter of HRs of the SNe in our full 0.02 < z < 0.09 sample, after fitting light curves with values of 1 ≤ R V ≤ 4 in DR V = 0.1 mag increments.
Using images taken by the GALEX satellite, we measured the host-galaxy surface brightnesses in the far-and near-ultraviolet (FUV and NUV) bandpasses within a circular r = 5 kpc aperture centered on the SN position. SNe Ia whose apertures have high NUV surface brightness ( Fig. 1 ) exhibit an exceptionally small scatter among their HRs. Among the 17 SNe Ia in environments brighter than 24.45 mag arcsec -2 , the root-mean-square scatter in the HRs is 0.073 T 0.012 mag. When we examine only the 10 SNe Ia with statistical uncertainty s m SN < 0.075 mag for the distance modulus, the root-mean-square scatter is 0.065 T 0.016 mag. The only SN we excluded when we computed the sample standard deviation is SN 2007bz, which Table 1 . The scatter among the SNe Ia HRs using R V = 1.8 and R V = 3.1. SB, surface brightness (mag arcsec -2 ); S SFR , star formation surface density [solar mass (M ⊙ ) year -1 kpc -2 ]. We computed the standard deviation uncertainty through bootstrap resampling, after outliers with HRs of >0.3 mag were removed. A simulation found that the uncertainty of the standard deviation computed using bootstrap resampling is underestimated by~25%, and we have corrected the estimates using this factor. (19), which would correspond to a significantly reduced HR. The redshiftdistance relation constructed using only SNe Ia in environments with high NUV surface brightness exhibits significantly smaller scatter than that for the entire SNe Ia sample (Fig. 2) .
To determine the statistical significance of finding a sample of SNe with HR scatter s HR , we performed 10,000 simulations in which we randomly shuffled the HRs of the parent SN sample, after removing outliers with >0.3 mag. For each shuffled sample of SNe, we next simulated the selection of a NUV surface-brightness upper limit that minimizes the Hubble-residual scatter of the sample. Searching within T0.2 mag of the 24.45 mag NUV analysis upper limit in 0.05 mag increments, we identify the upper limit that minimized the shuffled sample's HR scatter. The percentage of simulations that yielded a standard deviation smaller than s HR is the P value. As shown in Table 1 , only 0.2% of simulated samples have a scatter smaller than the 0.073 T 0.012 mag that we measured for SNe Ia in host environments with high UV surface brightness.
For the redshift distribution of the SNe that form the 24.45-mag NUV sample, we used Monte Carlo simulations to calculate the expected contributions of peculiar velocities to HR scatter. We computed s m = 0.050 T 0.010 mag for s v = 200 km s -1 , and s m = 0.075 T 0.015 mag for s v = 300 km s -1 . Because the expected scatter from peculiar motions is not much smaller than the HR scatter we measured, the intrinsic scatter in the calibrated luminosities of SNe Ia in host environments with high UV surface brightness is likely to be appreciably smaller than~0.08 mag (~4% in distance).
We also estimated the average star-formation surface density [solar mass (M ⊙ ) year −1 kpc −2 ] within each circular r = 5 kpc aperture, when both optical (ugriz or BVRI) and FUV and NUV imaging of the host galaxy were available. The starformation rate is computed by comparing the observed fluxes with predictions for stellar populations having a broad range of star-formation histories. Although fewer host galaxies have the necessary imaging, Fig. 3 shows that the SNe having high-star-formation density environments also have comparably small scatter in their HRs. The 11 SNe Ia with average star-formation surface density values in their apertures greater than -2.1 dex exhibit s HR = 0.075 T 0.018 mag. Among randomly shuffled samples, only 1.1% have a smaller standard deviation among their HRs, after searching within T0.1 dex of the -2.1-dex limit.
The 10-kpc diameter of the host-galaxy aperture subtends an angle of 1.6′′ at z = 0.5 and 1.3′′ at z = 1. Therefore, for future cosmological analyses, the NUV surface brightnesses of high-redshift SNe Ia hosts within a circular r = 5 kpc aperture can be measured from the ground in conditions with sub-arcsecond seeing, making possible precise measurements of distances to high redshift.
The large UV surface brightnesses and starformation densities of the environments of highly standardizable SNe Ia, as well as the star formation evident from Sloan Digital Sky Survey (SDSS) images, reveal the existence of young massive stars. A reasonable conclusion is that the delay between the birth of the SN precursor and its explosion as a white dwarf is comparatively short.
The SDSS composite images in fig. S6 show that the r = 5 kpc apertures include stellar populations of multiple ages, and the younger stellar popula-tions are expected to dominate the measured NUV flux. Whereas O-type and early B-type stars of masses ≳15 M ⊙ are required to produce the ionizing radiation responsible for HII regions, stars with masses of ≳5 M ⊙ having lifetimes of ≲100 million years are responsible for the UV luminosity (28, 29) . A delay time of~500 million years would be required for a SN Ia progenitor to travel 5 kpc with a natal velocity of 10 km s −1 .
The total mass, metallicity, central density, and carbon-to-oxygen ratio of the white dwarf, as well as the properties of the binary companion, probably vary within the progenitor population of SNe Ia. In theoretical simulations of both single-degenerate (30) (31) (32) and double-degenerate (33, 34) explosions, the variation of many of these parameters can yield a correlation between lightcurve decline rate and luminosity, but the normalization and slope of these predicted correlations generally show significant differences. Therefore, it is likely that variations in one, or possibly two, progenitor properties contribute significantly to the light-curve width/color/luminosity relation of the highly standardizable SNe Ia population. The asymmetry of the explosion, which is thought to increase random scatter around the light-curve width/color/luminosity relation, may be small within this population and may possibly indicate that most burning occurs during the detonation phase (31) . A reasonable possibility is that the relatively young ages of the progenitor population correspond to a population with a smaller dispersion in their ages, leading to more uniform calibration.
As we show in Table 1 , for both the full sample and the SNe found in UV-bright environments, MLCS2k2 distances computed with R V = 1.8 yield a smaller HR scatter than those computed with R V = 3.1. Although the low apparent value of R V may result in part from color variation unconnected to SN brightness (26) , polarization data suggest that dust properties may also be important. For a handful of well-sampled SNe Ia where the extinction is large [E(B -V) ≳ 0.4 mag], the small intrinsic continuum polarization (≲0.3%) of SNe Ia (35) allows constraints on the wavelengthdependent polarization introduced by intervening dust (27) . Analyses of SN 1986G, SN 2006X, SN 2008fp, and SN 2014J show evidence for low values of R V and blue polarization peaks, which are consistent with a small grain size distribution (27) . In these cases, the polarization vector is aligned with the apparent local spiral arm structure, suggesting that the dust is interstellar rather than circumstellar.
A possibility is that SN environments exhibiting intense star formation may generate outflowing winds that entrain small dust grains, which might explain the evidence for low R V and the continuum polarization. Dust particles in the SN-driven superwind emerging from the nearby starburst galaxy Host-galaxy star-formation surface density measured within a circular r = 5 kpc aperture centered on the SN position. Panels on the right show the distributions of HRs for SNe in regions with higher starformation surface density than the -2.25-dex limit marked by a solid vertical line and than the -2.1-dex limit marked by the vertical dashed line. As shown in Table 1 , a smaller number of host galaxies have the optical broadband photometry necessary to estimate the star-formation surface density within the r = 5 kpc circular aperture.
M82 scatter light that originates in the star-forming disk, and the spectral energy distribution of the scattered light is consistent with a comparatively small grain size distribution (36) .
